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Optical intcrlcmmctcrs  arc cxpcclcd  10 provide tbc
next great leap forward in space based astl onomy hcyond
the } ILlbbic space “[clcscop4’.  V:irioussystcnl  sarccnvisimcd,
ranging from Iargc orbiting structures 10 lunal bascdfftcilit ics
to scparalcd  spacecraft flying in formation. Rcgardkss  of
lhc specific arcbitccturc,  these systems will present
unprcccdcnlcd cballcngcs in tllc mcasurmcnt  and control
of optical surfaces, hcncc  driving the lcchnolo~ical  statc-of-
the-art in the arm of hscr metrology and alignmcnl and
stabili~at ion of O1~t(~Il~ccllal~ical  systems. The Jct Propulsion
1 Amatory  I)as been working fm the bctlcr parl of the Iasl
dcmlc 10 develop and tcsl this technology. l’~op,rcssing
from lIK (icrivation  and flow-down of rcquilcmcnts  through
tl)c Iabordtoly (icl]lorlstl:lli (~rloftccllrlologyal  the mmponcnl
lCVC1, tl]c J]’]. program is now at the point of clcnmnstrat ing
intcrfcromclc]- technology at the syslcm  level on a full scale,
fall fidc]ity  ~round integration tcslbcd.  Ilcyond  this lies the
Ste l lar  lntcrfcrmnctcr  Trackin~  lixpcrimcrrl, a flight
demonstration of inkrfcromctcr  tcchno]ogy,  paving tbc
wdy for a NASA con]mitnwnt  to the first optical
inlcrfcromclcr  scicncc  lllission.

Over the past scvcml years a conscmus has formed
arm] ml tl IC idea that space b{iscd optical intcrfcromctc  rs
opmiting  in the ultravio]c[, visible, and infrtircd wavcbands
rcprcscnt tbc next great lctip folward  in astrononly slid
astrophysics. lntcrfcrmctry is the only known mclbod to
significantly inlprovc (by ordcl-s of  nlagnitiidc) the angular

resolution of cumnt  astronomical tclcscopcs  and thereby
meet several ticy scientific ~oals of the 21st ccntimy:
nwasurcmcnt of stcll:lrcli:ir]~  ctcm, rcsrilut ion of closcbinarics,
extra-solar planet detect ion, and the prccisc  mcasut-cmcnt  of
galactic and cosmic distance scales. lntcrfcrornclcrs  lend
thcmsclvcs  to space application duc to tbcir cxtrcmcly
cfficicnt  usc of weight and volume to acbicvc the goals of
high rcs(~ll]ti(}]~,lligl~ sensitivity imaging and astton)ctry. By
ut iliz.ing tbc concept of aperture syntbcsis pionccrcd  in radio
astl-onomy,  optical intcrfcromctcrs, whether they take the
form of a numbcl-  of (iiscr-ctc tclcscopcs or a single structure
containing Critical portions of onc large tclcscopc,  allow the
space systcm designer to do more a$konon]y with less glass.
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llcricc,  tl Icy rcprcscnt the only way to take a qaantuni leap
beyond (I1c } Iubblc Sp:icc ‘1’clcscqw at an affordab]c price
(an instl umcnt with tcn times }1S1”s resolving power and
five tin~~s  the sctlsitivity  could bc launched on any of a
nurnbcr  of exist  ins lar{rc boostrrs; an ir~stmmcnt with twice
the resolving powc] :iml compardblc sensitivity coLIld bc
launchc{i  on a l’c~afus).

‘1’hc Astropl]ysics  I)i\rision  of NASA’s Off]cc of Space
Scicncc  is workin~,  10 fashio]] a Iol]g, range str:itcgy for the
space a] q>lication of optical intcrfcromctry.  This strategy
cnvisimls  single st[uc[urc’  intcrfcmmctcrs  in orbit, botli for
inlagit]f  and astronlctry. lunar intcrfcrornctcrs  comist ing of
discrete tclcscopcs  buodicds of meters to kilometers ap:irt,
and fol !nations  of srnal 1 spacccrdft  opcrat  ing as virtual
intcrfcr(mctcrs  Whclc Sc[}iilat ion distance (and bcncc  opticfil
rcsoluli[m) is unlimited AIIhough widely disparxtc in
approach, tbcsc syslcl  n cot]ccpts  share much in tlic demands
t}]cy pkrc on techno]opy dcvcloprncnt.  RccogniYing the
critical I ok that tlic advancclocnt  of slipporling technologies
will play in the success of sp:icc  optical intcrfcromctfy,  t}tc
Astmpl lysics 1 )ivisio]~l]a\I>r(xlticc(l,  as part of its Astrol’ccb
21 Pm~ran], a ““1’ cchrmlos,y Rcquircmcnts  Pl:in for Space
lritcrfcl  {mctry  M issiorw.’” ‘lhis  plan is synopsized in the
nc.xt sctlion  of this p:ipcl.

IIIC m:ijorily  of tltc paper is devoted to detailing the
cffofls  underway :it tlic Jet Propulsion 1,aboratory  (J1’1.) in
tbc dcvclopmcnt of ir~tcl(croractcrt cchnolop,y.  These efforts
have hcn funded by NASA’s Off]cc of Space Access and
3’cchn(~k~gy, undcl tlic alispiccs of its Micr(~-I’recision
(;(~l~trt)l-StlllctLllc Interaction (CS1) Program, and by the
Astrophysics I)ivisioll under its advanced tcchrmlogy
cicvclo~m]cnt  plog,rwn. J1’I .’s effort is cuncntly  guided by
tilcrc(l~]irclllcrlls  (l(wLlll~crltccl  irl I{cfcrcrtcc 1. Ilistorira]ly,
howcvrr, tbc J]’] .prop,rai I I ,bc~un in 198S,  predates Rcfcrcncc
1 and J ,licd for sornc tilllc  on [i rcpl-cscntativc  intcrfcmmctcr
rcfcrcrlcc r~lissior~a sitsgltiding light. ‘1’crmcd  thclbcus
Mission lntcrfcro]i~c[c]  (1 ‘Ml), tbisrcfcrcncc  mission served
as an analytic tcstbcd  on which to explore tccbnology
rc(]tlil~rllcr~tsa l~(lsolt]ti[)r~s.  lthasbccn  arcmarkably  good
precut sor to Rcfcrcncc  1 and played a central role in thccarly
ycarsoft hcJPl, effort. “I’llcprincipal  challenges prc.scnteci
by the }~Ml arc tllc need to sense the relative positions of
optical clcmcnls  totl)cordcl  ofpicomctcrs,  tocontmltbcsc
rdati}c positimls to the order of a nanornctcr,  and to do so
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over a slructurc that may span tens of meters. To gauge the
severity of these rcquircmcnts,  note that the uncontrolled
response of such a system to the cxpcckxl spectrum of on-
130ard disturbanm  would result in thousands of nanometers
ofnmion  of the oplical clcmcnls.  J1’1. is developing sensing,
and control technologies to address these challenging
problems. The papct will discuss, in turn, (hc analytical
applicalirm  of these technologies to the 1 ‘Ml,  the laboratory
dcnmnstl-ation of tbcsc technologies at the component level,
and the integral ion of these tccbnologics on a full scale, full
f i d e l i t y  inlcrfcmmctcr  lcstbcd for syslcm  Icvcl ground
dcnmnslrat ion testing. 1 jinally,  the papc] discusses two
proposc(i flight cxpcrimcnts  whose purpmc  it is to
dcmonst rate Ihal ilitcrfcrorllctcrl ccllrl(~logy  is space mission
ready.

‘f’hc I“cchnology  Rcquircnlcnts  Plan for Space
ln!crfcromctry  Missions (Rcfc!-cncc  1 ) is viewed by the
Astrophysics IJivision as a livinf,  document wl~ich  nlust  bc
pcriodicall  y updalcd to rcflcci  NASA’s changing nlissiorr
priorities as well as advances in the tcclmological  statc-of-
the-arl. At tllc t imc of its first rclcasc  in early 1993, ttlc
I’cchnology l’lan rcftcctcd the rcct>rllll]crlflatioll of tbc so-
C;iIIC(l }Iahcall Rcport,2 writ[cn in 1991 by the National
Research Council’s Astronomy and Astrophysics Survey
Commiltcc, chaired hy John Bahcall,  that a singtc  spacecraft
optical intcrfcmmctcr,  dcdicatcd to astmnctry  and dubbed
the Aslromctric  lntcrfcromctcr  Mission (AIM), rcccivc  a
ncw mission start from NASA hcforc the year 2(KJ0. The
two Ica(iing contenders for AIM were, and still arc, the
Orbiting Stellar lntcrfcrmnctcr  (0s1$ and the Precision
Optical lntcrfcromctcr  in Space. (1’(JINTS).4 Ilcncc,  the
initial vcmiollcJftl}cl’ccl]  l}ol(Jgy J’lat] wastailorcd specifically
to tbc particular needs of 0S1 an(i POIN1’S, with lon.gcr
range intcrfcron)clcr  missions, such as orbiting imaging
systems, lunar facilities, and mul[iplc spacecraft
c()rlstcll<itiolts, I-ccci\'illg csscllli:llly  n()c()nsidcrati()n. The
situation was somcwhal  changed at the Jwst rcccnt  rclcasc
of tllc Technology Plan in Aug,ust, 199AI. Altlmugl)  still
consider’cd nmst likely tobc NASA’s fmt intcrfcromctcr
mission, AIM had slipped out of the 1990’s for  a ncw
mission start,lcadin.gthc  Astrophysics] )ivisiontorcconsidct
itslollg ratlgcstl"alcgy  fors]lacc  itltcrfcr(~rllct~.  Thiskm~
rangcstratcgy  isstill bcingforn~lllatcd. llowcvcr,  the most
rcccnt rclcasc of the ‘f ’cchnology  l’lan addresses a broadc]
spcctmn] of potential intcrfcmmc.tcr  missions, while still
placing  i[sgrcatest cnlpl]asisor]  AIM. Nc}tstlr~>tisir~gly,it
turns out that the various classes of optical intcrfcromctm
sbarc cmrsidcrablc cormmmalily in thci]- tcchnotogy needs.
This isrcflcctcdin Table 1 whichralc sthcrcla[iv  cpriorily
of thcrc]cvant  lclhnologics against the intcrfcronlctcr nlission
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classes. llcncc,  tllcl'cclltlc)l(l~,  yl'larl cc~lltirlL]cs toprioriti7c
technology needs usinp AIM as Ihc yardstick. it) quote
from (1 ,c Plan:

‘i{)ncc in~ldcnwn[cd,  AIM bt’ill set the .~tandorclfh’
preci.viotr  in space .Ty.51w alignment, .mbilizotion, ~~tl~~

km’ledge. ~ligll  JJt[[i.5i[~tlr  lictrcjlc)gJ'(  -2[)l~irot~lctcrl  -I>
rclatil’e  nlca~urctncnt accuracy), w’ithin  an ekvnent (Ind
belw~{ n elenwnt.vqf{in  inlct:fcrotnctcr,  is ci driving technology
rcquitmcnt. (jfc{jttlj~[]r{l  l)leitti[~ortli trceist}lc rcl!i4ircttlctl?
to tnointain nwc}mn  icd [s Idbilily qfthe optical .vystcm  to the

10n(tt,or)letcr )~iJcl. AIA!i.v t}lcj)rotot~y)e  for-f i(tt4rct tti.v.viort
concci)ts  that ctnploy nwt-c than  one qx’rtilrc. lic~.vclittcs

[hmwn qwrlitrcs] tn(iy  be 14p 1030 meters  in cxtctrl  in
.rl)i~ccartd}l[itl(lrc(l.~  qfn)ctcr.sotl  thctnoon. Although Ibis

docmcnt concmtratc.v  m the technology  necdr  rtf AIM,

devckynncnt  @ the Ccq)(]bilitic.v callmi.for in th is plan will go

(I long wwy tmwtrl cn{~lllin~  more adl’atmd intcrjeronwter

.Xysti’lm 0.s Ii’cIl.  “

Note that the 20 piconlc(cr metrology requirement
derives from the aftlim)ctry scicncc, which requires
knowledge of the intcrfcrmlctcrbasc lincvcc[orstoaf  raction
of a IIanornctcr in older to achicvc astromctric precision
&lo\\’ 10rllicro:ircsc( or)(ls.”  Thclonanornctcr  mechanical
stability rcquircmcn( is arlalogous  to the )J20 wavcfrmt
qualilyrcquircmcnt typical ofallhigh-qualit  y optical systems.
This Icvcl  of mcclianical  motion is consistent with
mairltaininghigh  cmm asl on the intcrfcrcncc fringes formed
on all intcrfcromctcr’s  scicncc  detectors.
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The technology plan gocson to set technology priorit its,
at the conlJxmcnt  level, as follows:

1. McIIology  and Starlight JJctccticrn Systems
2. }Ii.gh l:idclity lnlegratcd Modeling
3. I:inc Pointing and Vibration lsdation
4. Active 1 )clay 1,incs  and Sidcrostats
5. Quiet Structures and Subsystems, Prccisimr

l)cploymcnt

NO(C [hat priorit y# 1 addresses the 2(JpicrmMc.rrc)at  ivc
nlcasumncnl  rcquircmcnl, priorities #3 - #5 :iddrcss  llIC 1()

I]allo]l]ctcr]llccll:lr]  ical slabilily  rcquircmcnt,  and priority#2
rccognims  (I)c ncccssily  of efficiently ami accurately
modeling tllc complex, ll]tllticliscilJlinary  systcm that an
intcrfcromctcr is. The Tcclmology Plan goes on to state:

“[n cddilion  to the above wvnponent  kchnology, 0S1
{ml 1 ‘OIhV S bofh tquitc, m a highest priority, .Ty.TIem

in lcgmlion tc.vtbcd.<for vd Iida tion q f cotnponent hrirrlware,
wt-ijicalion  q f in tcfitritcd  modeling  .wft Iiwtc, and end-k-

c)Jd pcrfornt{tnm  denwnstta  tirm };light  cqwrittlrmtotirm
tj’ill also he r-cquircd bithcrc rritic~il.filrt  ctiort{ilil)~  con not be
dcrnonstratcd btithot{t  the pr~.vcnrr of the space
on vironrnent. ”

As disrusscd in Ihc Intmiuction,  J}’I.’s  intcrfcmrnctcr
technology dcvcktpmcnl progranl predates the Technology
Plan and wfasguiclccj~jtlrillg itscarly ycarsby  thc}bcus
Missi()]~lntcrfcr(J1 l~ctcr(f:Ml)  rcfcrcr~cc ]~lission.  J;igurc]
s\l(~ws  askctc]l oft]lcl{M[ inits(icp]{}ycd  c()]~figlrratit)rl.  An
intcrfcromctcr  is fundamentally a sparse aperture optical
systcm where spatially distributed “smalj” coljccting
apertures arc combined to syntlmi7.c the performance of a
single largcrapcrlurc. In tl]c case of the I;Ml, the six 0.5
meter collecting apertures are arranged in a linc:ir  array
across the slruclurc  to forln  three distinct intcrfcromctcrs.
AJ1 optical intcrfcromctcr  can bc used fbr  high resolution
imaging as wclj as cxtr-cmcly prccisc astromctry  (astmmctry
is the mappinp, of stellar positions in the sk y). When used for
imaging, Ihc J~Ml’s cffcctivc  hasclinc of 24 meters would
give it roughjy 10 times the resolving power of the Hubblc
Space Tclcscopc. This trans]atcs  intoa resolution of 5
]Ilijji:lrcsccor](ls. IIy wayofcoO1parisoll,  };igures2  and 3
show 0S1, a 7-nlctcr baseline systcm  containing three
intcrfcromctcrs in a Iincar array, and I’OINTS, whose box.
jikc instrument compartment contains two 2-nlctcl
intcrfcmmctcrs  oricnlcd pcrpcndiculartoonc  another. Since
the P’MI wasassumcd  toopcratc  wclj  into thcultraviolcl
(down too. 12 microns), its rcqui]cmcnts for the srmsing  and

control of optical clcmcnts arc roughly four tinm tiflltcr

E’ig. 1. I/ecus Mission lftterferotllctcr  [ollfiguratioll.

I’iR.2. l’hc C)rbititl~ Stellar lr~tcrfcroI~~cter (OSI),

(’ ‘--’’’-’’’’=.,
~,,
.L---

> ’ \
L

l~ig. 3. Precision Optical interferometer in Space
(l’OIN”J’S).
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than thoscof  thcAIM candidate systems, which arccormivcd
as visible instmmcnts. NcvcrIhclcss, the };MI rcquircmcnts
(S picomctcrs  RMS relative metrology sensing, 2.5
namnctcrs  RMS mechanical stability) arc equivalent to
thcrsc of Al M tott]c cxtcnl that they arc used to SCI tcc}lnology
priorities and drive technology dcvclopmcnt.

The optical performance of LIIC I:M I relative to its
2.5 nanometer differential pathlcngtb  stabilin[ion
rcquircmcnt has been analy7cd  in some detail with the
conclusion that vibration attenuation factors of between
1,000 and 10,000 arc ncccssary to meet the rcquircnlcnt

with margin. This is onc of the principal challenges that
intcrfcromctcr tcchnolugy  must address. Vibration
attenuation alone is not sufficient, hmvcvcr. ‘I%c need to
operate well under a micron in absolute stability rcprcscnts
a significant ch:illcngc  in its own right. in addition to
exposing the severity of the performance rcquircmcnts,
analysis of the l;MI pointed up nmjor dcflcicncics in the
existing capability to design and m(xlcl (in an cnci-to-cnd
fashion) complex (Jl>tics/stl~lcttlrc/control systems subjcctcd
to mechanical an(i thermal disturbances. This challcngc
must bc Juct in orcicr to make it practicai to conduct
quantitative design trades early in the (icsign process ami to
cnab]c simulat  ion of systm  pcrformncc  prior to fabricat  ion
and test. On the sensing front, tbc challcngc of performing
laser metrology n]casurcmcnts  to a fraction of an Angstrom
is ciuitc scvcrc.  I“ilc  final challcn~,c  is to [icrnonstratc, to
those cntmstc{i with making NASA mission (iccisions, that
intcrfcromctcr  hmiwarc,  software, and rncthrxiologics  arc
mature and ready for application to flight systems. The
rcrnaimicr of tilis paper is organi7c{i aroun(i  illustrating,, in
turn, how J1’1.  is addressing each of the major cballcngcs
posed above.

l’i~c first challcngc for an l:Ml class optical systems is
providing tbrcc to four orders of magnitude vii)ration
attenuation. Acicircssing  this chalicngc has bccn the province
of the J1’1.  Micro-Precision C{)rltr[)l-Stl~]ctLlrc  interaction
(CSI) Program, which has a(ioplc[i  an approach that entails
a malt i-layer arcbitccturc, with cacb layer responsible for
provi(iing  bctwccn  onc and two or(icrs of mag,nitudc
attcnuatitm. Currently three layers - vibration isolation,
active/passive structural ciuiclin~,  ami optical cicmcnt
compensation - arc considcrc(i  sufficimt to meet the
performance ]-cquircmcnts  of systcrns Iikc the l;Mi. The
idea is to intcrccpt  (iisturbancc energy at the source (via
vibrat ionisolat ior~),  aior]gti]ctranslt Iissior~patil(via  sti~]ctllral
quictirig), and at the (icstinatirm  (via high bandwidth optical
compensation). }iach layer wili have a specific rcali7ation
tailor-cd to the systcm  umicr  considcrat ion. For the I:Ml, the

structurtil quieting layer is ccrrniwiscci of 25 active members

whose k~atiorrs and clcctlo-]]lccl] ar]ical impedances have
been optinli7cd to dissipate kinetic energy from tile truss
ShWkirL’. The vibratiorl isolation ]aycr is simi]ar to that
implcmcntcd onthc}] ubblc  Spacc Tclcscopc  (1 1ST) reaction
wi}ccls (i/W’s). lmprovc(i pcrforrnancc, ovcrtbat  of }lubblc,
is achicvcd by augrncntinp  the }1S1”s  passive systcm with
active control using, voice coil actuators. The optical
cornpcn~ation  layer mlsists of both tip/tilt control on
sidcrost:its  and f:ist steering lnirmrs  as wcli  as transition
control stages to con ccl an(i stabiiim  optical pathlcngtil
through the syskm. An overall closed loop ban(iwidth  of
2S() H7 IIas been simulated for the pathlcngth  control loop,
with a IYT provi(iing Ihc vernier high bandwi(ith  :ictuation.
I;or ti)c \ibration analysis, t}]c disturbance source used was
the imtxtlancc fol L’c fl om 4 HST l/W’s spinning from () to
3(K)0  RI’M (i.e., 50 llz,).

I~i~urc 4 shows pathlcngth crrorforthc  I~Ml’s rrutcrmost
intcrfcrimctcr  a~ a function of RW speed. Notice that,
witlmt control, tllc response CXCCCCIS the 2.5 INN rcquircmcnt
at virtimliy  every RW si~c(i, an(i in several speed ranges
cxccccis  ] ,000 run. ITI an RMS sense, the Uncontrolled
piitillcn~:th  response is gn.-atcr than 700 nm across all wheel
speeds. As layers of contro] arc added - structural c]uicting,
vibration isolation, allci patlllcngth  control, in turn - RMS
vibr:iti(m attenuation factors of 5, 20, and 7 arc achicvcd,
rcspcclivcly. The rcs(ii[ant 3-l:iycr  RMS attenuation factor
of 700 li~cans an RMS patblcngth  stability of jtist over 1 nm.
II) a 3-slgn)a sense, a wor St c:isc pathlcngth error of 1 (),(KK)

nm is r((iuccd by a fi~ck)r-  of 1,O(K) to 10 run.

CMarly, in the worki of cornputcr simulation, the CSI
multi-layer architecture appears tobc capahlc  of meeting the
three to four or(icrs of rnagnitucic  vibration at(cmiation
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Fig, 4. Optical Pathlcrigth Cent rol Performance on the
Focus Mission interferometer (Meters vs. Reaction
Wheel Speed in 11?.).
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rcquircmcnl. ‘Ilc next question is whether ttlis conclusion
holds up on actual physical systems urrdcr  laboratory
conditions.

To cxpcrin]cnlally  dcnlons[ratc that the rnulti-layer
arcbitcclurc  can meet this challcngc,  and prove tbal the
successive Iaycrs arc not uns[ab]y intcractivc, JP1. has built
a dcdicaicd test ~~ci[ity  called the CSI I’hasc B Multi-I .aycr
TCSIbCd.5 The I’hascll Tcstbcd has bccnbuih  torcscn]blc
a portion of an intcrfcrmnctcr  telescope, including a Iascr
star sinmlator,  :in]clcringtruss stn]cturc,  an op[ical pathlcnp,th
dc]ay line, and the associated instnmcntalion  and real tinlc
c{Jrltrolcor]llllltcrs.” lthasprovc  nlobcancxccllcn  tsclting
in which to invcstigalc  the blending of the three layers of the
rnulli-krycr  archilccturc: structural quieting, vibration
isolation, and optical cxmpcnsation.  l:ifyrrc  5 dcpictstbc
tcstbcd  and points OUI each layer of control. The disturbance
isrll(~ltrltc{l ol~asinglc  axis vibraliol]  isolalionstagc.  The
ciisturbarrcc transnlissibility  (i.e., transfer function) fronl
(his source to optical pathlcnglh stability (as nlcasurcd by a
fringe detector nmnitoring  the laser “star silmlator”  signal)
rcprcscnts  the figure of merit for cxpcrin]cnls  conducted on
the tcstbcd

ItK-stu~~

1 .i.gl]tly dan]pcd  rcsoriances in structures anlplify  tbc
cffcctsol  distllr~~arlces all(lrcsillt  innluchgrcat  crlcvclsof
vibration and jitter. Str-uctural vibration in turn causes
nlisalignlncnt  in t}w optical train. Precision structures
generally rnanifcst low kwcls of dan~ping  bccausc energy
dissipat  it Ig mechanisms such as friction arc clirninatcci  duc
to the pncise Iolcl-antes of the joints and connections.

The CSI smlclural quic(inp,laycr  is specifically cfcsigncd
to rcduct” the ICVCI  ot’ vibration in the swucturc.  This is
acconlpllshcd  thtough aconlbinati  onofpassi vcdanlpin.g
aI](l:icli\'c  control llsi[~g ilctivc strLlctl]ral  nlcT]lbcrs.  ]’assivc
darupcrs  have the advantages of sirnplicit y of ctcsign  and of
rcquirini’  no power for operation. l;our  Honeywell IJ-Stnlt6
passive dan]pcrs  arc installed in the Phase B Tcstbcd
(1’igurc ()). Active structural]ncn~bcrs~”’1 which uti]izc an
cr~~bccl(lcd~~ic?mlcctric  orclcctrostrictivc actuator, have the
aclvantai’,c of being Iunablc foroptin]al  pcrformancccvcn
af[crthc stnrctur-c has bccl I awcrnblcd arrd/orctcploycd.  The
activcdlal-a-strul  mnlrol  circuit cannot only bctuncdto
emulate passive dampm,  but can also bc designed to
achicvc :i more cxac( inlpcdancc match to the structure,
prolidil,gd all~pingl wrfor-ll)ar~ccta ilorc(i to frcqucncy.’2
Four J1’1.  ctcsigncd active n~cnlbcrs arc installed in the
tcsthcd  (l:igure (i). T’ilc:ictitca n(lpassivc]  ]lcil]hrsllavc

PATIILEN(3TN
MEASUREMENT /%’%hGm

Fig.5. I’hasc BMulti-J.ayer’J’cstbed. Fig.6.  Strllctllral Ql]ietiilg ElcnlcIlts irl I'llaselll`russ
Structure.
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FREQUENCY (tiz)

Fig. 7. l)isturbance  Attenuation ]Me to the Structural
Quieting liaycro

been optimally ]ocatcd in the shwcturc  through the usc

alg{)ritll[]lscicsigt~ccl  tonlinitnizc disturbance transnlissibi]ity

from tllc disturbance source to the optical pathlcngth
I*]ctri~ I t I 4 The pcrforll]arlc~  of the structural quieting

layer, in tcnns of clisturbancc  altcmuation, is seen by
conlparing  the two transfer functions cicpiclcd  in l;igurc  7.
All Inodcs  bclmv W Hz exhibit dmnping cxcccding  5% of
critical, conymcd  to dan]ping ratios bctwccn 0.1 Yo and
1 .()%J in the undwnpc{i structure. in aci(iition to providing
r’c(iuccd disturbance transmission through the structure, (hc
structural ciuict ing iaycr has a stabiiiz.ing effect on the other
layers of control, especially the high pcrfonnancc  optical
con~pcnsation iaycr. I’i]is stabiliT.ing  effect lcacis (iircctly  to
i]igilcrl>ar~ci~~’i(ilil optical control, which in turns results in at
Icast a factor of 5 inlprovcci ciisturbancc  rejection.

Rcccntly  the active n~cnlbcr  has taken a n]ajor step
forward toward flight qualified status. ‘1’hc solid state
actuator tccinmlogy at tile bcart of ti)c active nlcnlbc~ was
flown succcssfu]iy in the Actuatcci  I:old Mirror (AF’M) as
part of the }lubblc  R.covcry  Miss ion.l 5 ‘1’hc AF’M is an
opt ical component in the ncw Wide I:icld/l’ianctary Camera
(W1/PC-2)  which w:is succcssful]y instalki in tiw }IST  by
ast ronauts  in  ])cccmbcr  of 1993. TIIC AFM u s c s
clcctrostrictivc  actuator technology, originality cicvclopcd
by l.itton/ltck  Optical Systems for IIcpartmcnt  of Defense
cicfonnablc mirror applications. }Iecause clcctrostrictivc
actuator tccimology is relatively new, the HST rccovcry
mission rcprcsc.nts  its first space flight  application. The
research that supportc(i the AI~M for Hubblc will continue
to advance the readiness of precision active mcmhcrs  that
will bc cffcctivc in precision aligmncnt  an(i structural quieting
applications. The successful flight  of the AP’M gives
trcmcmious impetus for incori)orat  ion of ~S] activcmernbcr
technology in near term fligilt missions.

Vih] at ion isoiatiot  I is tiIc first iine of (icfcnsc  against the
pcrformncc  threatening cf(cct ‘i ofmccilanica]  Ctisturbanccs
on-board micro-precision systems. For applications where
thc]nost significant (iis[urbarmc sources (c.g.,rcaction wheels,
tape rccordcrs, etc.) can bc Imusc(i  together in a singic “dirty
box,” ti~c vibration isolal ion layer, in the CS1 multi-layer
architcchm,  is likely to provide the grcatc.st pcrfonnancc
cni]anccl llcnt al the lowest cost. This is because isolation
can bc ill lplcmcntc(i  by a single six axis device, whereas the
other Iaycrs (viz.., structural damping and optical
compensation) typically entail numcmus  hardware
componc  nts ciistributc(i  over tim systcm. ln such situat ions
the vibration isolation hiycr, if sufficiently cffcctivc,  will
significantly relax the rc(iuircmcnts  on (if not eliminate the
nccci  for) onc or hoti] of the otbcr layers.

A disturbance isolation f]xturc was dcsi.gncd, built, and

in]picnw[itcci  on tijc  JI’1. l’hasc  B Tcstbc{i (}~igurc 8). Tile
disturbal ICC source was a proof-mass si~akcr suspcn(ied  on
an accortiion type ficxure wi~ici~ in turn was rigi(ily  attacheci

Fig. 8. l’hasell  ‘J’cstbcd  l)isturbance Isolation Fixture.
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Fig. 9. l)isturbance Attenuation Due to the Vibration
isolation layer.
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to t}lc tluss stmcturc.  Ihc corncrfrcqucncy  of the soft nmunt
was nlcasurcd  al 3 }17, with natural dan]ping on the order of
12%1 of critical, An active stage consistir~g  of a voice coil
actuator and an 1 .V1 N’ displaccnlcnt sensor was added in
parallel with the soft mount. Active  control cxpcrin~cnts
using positive position feedback (l’J’I:) were successful in
reducing the corner frequency of the isolator by a factor of
2 over the passive design. TIIc cxpcrinlcntal results (I;igurc
g) s]lo~i,  tI)c jlllprovc]]]c]~t  in optical performance when the

isolator is turned on. A broadband RMS attcnua[ion factor
of greater than six was achicvcd.

h!cccnt irnprovcn]cnts in isolalordcsi.go  have cnhanccd
this performance by anothcl- factor of flvc. 16 The compact
sioglc-axis  dcvicc pictured in ~~igurc  10 has dcnmnstratc(i
30(i11 of broadband vibration isolation (}:igurc 1 1). Rcccntly
JP1 .buiit  a six-axis unit (I;igurc 12) consisting of six singlc-
axis dcviccs  configured as a “Scwarl  l’latform.” In theory
such a unit shouki bc cai~abtc of fuiiy isolating a micro
precision spacecraft fron] ali translation:tl and rotational
(iis[urbanccs. ~’his tilcory  will bc i~ot to the test in the
inunc(iiale fulurc as the dcvicc  of I:igorc 12 uo(icrgocs
Wrforolancc testing.

l~ig. 10. Soft Active hlcmbcr  (SAh’1)  lsoialion  Strut.

T I ITY II
 r 

‘-7117-T’-  ‘--1

.50  J— . . ..U u~---  , L . .. J_> LJ.11 -–—. I
10 100 200

FREQUENCY (HZJ

Fig. 11. SAM Isolation l’crformance.

The opticat ciclay l]rlc cxpcrin~cnt  was cicsignc(i to
capture tl IC interact ion bctwccn structural flcxibilit y and
opticat pathlcngth  as it wouid  occur in a space-basc(i optical
intcrfcro]l~ctcr  suciI  as tllc  I~Mi. ]7’]8 V a r y i n g  lCVCIS of

contro]/stlucturc  intcrac[ion  can bc cnlu]atcd  byrcconfiguriog

k’ig. 12.,11’1, “I1exapori”  Isolator — Shown With and
Without Mountwl  I)istorbancc Source (viz.,

Reaction \Vhcel).

,1 VOICE C&l ACTUATOR PHASE B MULTILAYER TESTBED

Fig. 13. The Opt ical Compensation System on the
Phase 11 Tcstbed.

‘?
American Institute of Aeronautics and Astronautics



.

-12 I I 1 l! 1. I .LL.~A
0 1 2 3 4 5 6 7 8 9 1 0

SECONDS

Fig. 14. Optical I’at hlcngt}l Wsponsc to Shaker induced
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Fig. 15. Disturbance Attenuation l)UC to the Optical
ConlJJcnsat  ion 1 .ayer.
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Fig. 16. l)isturbance  Attcntuation  on the Phase B
Tcstbed with All Layers Operating.

the Icsttxxi optical train. ‘1’hc configuration shown in };igurc
13 rcprcscnts a typical case for an intcrfcromctcr, where the
laser 13caln bounces oft nlirrors locatcci  on opposite cncts of

Ihc truss stnrctLlrc.  Vit3ral ional  nlot ions of the mirrors in the
path of ti IC laser twain chang,c  the lcngtil of the optical path
and this thangc is nmawIrL’(i  intcrfcronwtrically by a fringe

dctcctm.  Gntrol of thr o])tical  pathlcngth  is provicic{i  by a

c o a r s e  ]Ilotion voice coil  act Llator  and a fine nlotion

piczoclmlric actuator.

Wit}) the tcstbcd  cxcilcd  at the naturai  frequency of a

n]ajor structLwal  m(xic, closc[i loop cxpcrimcntal  results
indicate (P’igurc 1 4) ttlat  stellar palhlcng[b  variations were

rcduccd  from 2.4 micrmnctcts llMS to approximately 5
nanomc[crs  kMS (the tcstbcd noise Iloor).  in a(idition, it
w:is (icnlonstratcci  that if a w’tlitc  noise disturbance cxcitcd
the stmc[urc witi]  energy uniformiy  distributcci  over 1--100
Hz., the optical contlo] Iaycr would reject it by a factor of 139
RMS (SCC l’i.gurc 15).

jWl&l.3yer  Pcrllrmanu

l’lw nlL]lti-layer cxpci-inmntal  rcsLlits arc given in tcnns
of the disturhancc trans]l]ission function frmn disturbance
source to optical pathlcrr~,th. TIIc frcc]ucncy  response plot of
Figure 16 summariz.cs the results an(i shows howr each Iaycr,
implcmcntcd  succcssit’cly,  ]owcrs  t h e  ciisturbancc
transmission function. Assuming that a ban(i-limited white
noiscdisturbancc cxcitcs  tiw slmcturc with cncl-gy uniformly
ciistributcci  over 1-- 1(K) }lr, the l?MS attenuation factor
acbicvc(l by each Iaycl  in that frequency banci  is: (i)
stmctut<ll  c]uicting 6; (ii) distmhncc  isolation: 6; (iii)
optical control: I 39.

With all layers opclating  together, the multi-layer
architecture cnab]cs  a 5100:1 vibration reduction.19

Clearly, the bigg,cst contributor to vibration attenuation
pcrfonnancc  is the optical control Iaycr.  However, the
Stnrcturdl  quieting layer was essential in enabling this level
of optical compcnsatiotl. Without the Icvcl of ciamping
introdu~cd by structurfil  quieting, the optical control
bandwi(ltil would have been rcduccd by at least a factor of
3 (in orcicr to prcscrvc  systcm stability), resulting in a factor
of 5-10 poorcrvibration  fitlcnuatiorr. This rccognit  ion lca(is
us to reparci the opt ical conlpcnsation and structural quieting
layers a~ csscnt  ially cqLIiil  contribLltors (factor of 30 each) to

overall vibration attcntaation performance. Also of note is
the achicvcd  Icvcl of absolute optical pathlcngth  stability in
the ambient labor story cnvironrncnt: S nanometers RMS.
The prir Icipal Contl”ibutols to this residual Icvcl were fringe
detector resolution (-2 rim), noise in the control electronics,
and laboratory acoustic an(i seismic excitation. Since the
latter tuw noise sourc>cs  arc not present in space, and the
fonncr 1 woarcrcadily  dealt withby ncartcrm improvcn]cnts
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in electronics design, the prmnisc of sub-nanometer
stabilization of space optics appears quite feasible.

~’hC JllCaSUrCJllCIlt  tCChIIO]O~y JICCdCd  tO SUppOrt  thC

work in nanometer regime mechanical coll~rol  discussed
above is essentially at the COJnJllCJ’Cii~]]y  available statc-of-

the-art. IJi some cases custom designed read-out electronics
were ncccssary  to process tbc signals from commercial laser
intcrfcromc(crs at highcrratcorgrca tcrresolution.  }Iowcvcr,
the need for picomctcr laser mctm]ogy 10 cnab]c optical
intcrfcromctcrs  like 0S1 and POIN’tX to (io J~iicroarcsccond

astron]etry drives lhc (cchJ~olop,y consicicrably  beyond tk

state-of-the-arl.

Remarkable progress has been made in this area
20.2] ] ixpcriJ]lcJ]ls  COJldU(’iCd at J}’]. have at ]CaStrcccJltly  .

established the feasibility of picon]rtcr relative metrology.

llcsc cxpcrinlcJlts utili7c a hctcrodyJlc  laser ~augc,  showJl

in 1 ‘igure 17. The Ilctcrodyne  laser gauge used a stabili~cd
0.633 pJn } Ic-Nc ]ascr as the ]ight solJrcc. I“llc  ]Ight IS

scpwatcd  iJlto  t wo polari7at  ions and modulated al dif fcrcnt
frcqucncics  using acousto-optic modulators (AOMs).  one
polari~,atioJl  travels bC(WCCJJ  tllc two corner cubes aJKl is

intcrfcreci with its orthogonal polarization using a 45°
polarizer. ~’hc phase of the dctcctcd  beat flcqucncy rncasurcs
changes in the ciistancc  bet wccn the t wo corner cubes. A 2rr
phase change corresponds to a ?J2 distaJ~cc  cbangc. The
Cxpcrinlcnts reported here were conductc(i  iJl vactJIJJn with

the corner cubes separated by a nominal [iistance of ’75 cm.
7’WO diffCrCJlt il@CJJJCJlt:JtiOJIS Of thC basic hCtCJ’OdyJIC
gauge architecture were cxaminccl.  A JNJll gatJp,c was
stLJdiccl  to determine the ultimate precision of a hclcrodync
intcrfcromctcrby  using twogaugcs with spatially coincident
beams. The deviation bclwccn the two readouts is t:ikcn to
be the precision of the gauge itself. A rclat ivc gauge, where
the beams arc spat ially separated, was also examined to
dctcrJniJlc  the cxtcn( of syslcmat  ic errors which arc absent in
the JnJll configurate ion.

3’hc iJ]itial J)LJ]]  galJgc cxpcrimcnts  were conducted in
the early spring of 1992. The results showed a null gauge
prccisioJl  of 0.6 picomcler at integration times (averaging,
periods) of 2,5(k) seconds. The  JwtiJl contriblJt  ion to this t iny
error was dctcrmincd  m be ciuc to tcmpcraturc  drifts  in the
electronics. The pcrfrmnancc  of the relative gauge is more
indicative of the performance that can he cxpcctcd  of an
ultimate flight metrology system. In the relative gau.gc
cxpcriJncJlts,  one of the two hctcrodync  gauges  is used to
servo the distance bctwccn the corner cubes to a s]ow]y
varying separation while Ihc other gauge  is used as a read-

out dcvicc. The relative metrology cxpcrimcnt  is designed
to classify and eliminate vat-ious  sources of systematic errors
which arc absent In the nlJ]] JHctro]ogygaugc.  ‘1’hcpo]ari7Aion
leakage C:ilJSCC] by scvcJ”a]  iJllpcrfcct  opt ical C]cnlcnts  calJscs

a SySICJniitiC  error at tbc output of the iJNclfcronlctcr which
is a pcri[dic function of tllc distance bctwccn the corner
cubes, with a period Or cxaclly onc w’avclcngth.  The
anlplitLlde  of this systcnJatic  crmr can be as large as 10
nanomclcrs. Non-peri(x]ic systcma[ic errors  appear as
sJnallcr drifts duc to time varyiJJg temperature gradients iJl
the optics as well :is linear drifts that can be correlated to tbc
dlStaJKC bctwccn tbc COJIIL’J’  cLJbcs.  These latter linear drifts
(on the orcicr of 1 O’s of picoJnctcrs  per wavclcrrglh  of corner
cube rm~tion) call thus br calibrated as a fuJ~ction of the
corner cube clistaJ]cc  aJld clin~iJlatcd.  The large periodic
error duc to polarization Ic:ikagc can be eliminated by using
a Jnethml known as cyclic averaging. 20 This is inlplcmcntcd
by modulating the distance to be measured (i.e., the distance
bctwccli  corner cuhcs) over an amplitucic  of several
wavclcJlgths  with a pic70clcctric  transducer. ~’he resulting
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rcsklua] cnor, avcmgcd over approxinlatc]y 10 minutes of
clala, was 3.5 picomcters.  Subsequentcxpcrinlcnls21 were

run under more  lightly stabilized thermal conditions to

climinak relative Ihcrnla] drifts bclwccn the t wohctcrmtync
gauges. l:igurc 18 shows the metrology data taken during
the time interval with the smallest change in tcmpcraturc.
The calibratib]c Iincar drifl is 3.5 picomctcrs pcr wave of
motion, and h;is been removed from the plot, Tbc residual
mm is 0.13 picomcter IUMS. ‘1’hc fact that this result is
bct[cr  than the pcl-formancc  of the null gauge is attributed  10

the great care taken with thcnnal control during the second
set of relative gauge cxpcrimcnts.

~lcarly,  considerable work is ycl 10 bc rkmc to take
picolllctcrlllclrc)logy from the tiglltlyco[ltr(~llc(l  environment
of a ]aboratoly vacuum Chamber to the robust all(i rugged
haniwarc nccdcd forspacc flight. Ncvcrthclcss, these recent
cxpcrimcnts  represent a major step forward in thal thry
cstablisb  that conducting laser based mcasurcmcnts  at the
picmnctcr lCVC1  is t’casiblc.

~’hc challenges facing space illlcrfcronlctiy  do nol Iic
exclusively in the province of dcvclopin~ hardware for laser
mctniogy and vibration at(cnuat ion in the stlt}-ll}icronrcgirllc.
Work is also nccdcd to advance the state-of-the-art for
software tools for analysis and design. llxisting  analysis
tools provide only limitc(i  capability for cvaluatirm of
spaceborne oplical syslcm designs. They dctcrminc optical
pcrfrmnancc  from the gcomctly and material propcllics  of
the optical clcmcnts in the syslcm, assuming only minor
deviations from (I)c nominal alignment and figure. I’hcy
cannot cvalualc the impact on optical performance from
c(Jl]trollc{l/arti clllatccl  optics, structural dynamics, anti
thermal response, which arc important considerations for
future large optics missions. 1’0 investigate these critical
relationships, :i ncw optical systcm analysis tool has been
dcvclopcd callccl the ~ontrollcd  optics  Modclling  package
((’OMi’).2212; It is a coll~ptltcrpr(~grar~~ cs]wcially designed
for mcdclling  tllc optical Iinc-of-sight,  surface-to-surfarc
diffract ion, and full wave front performance of optical
systcrns that arc sut~jcctcd  to thermal and dynamic
disturbances. COMf’  can accornn mdatc the most common
opt ical clcmcnts: flat and conic mirrors and lenses, reference
surfaccsand  focal planes, as well as some unconmmri oplics,
such as scgmcntcd  and deformable mirrors. It can bc used
for stand akmc analysis of optical tolerances and oplical
pcrformancc,  or to provide the optics part of an integrated
systcm model forcrroranalysis and budgcling, or for systcm
calibmt  ion and cn(l-tocnd sirnulat km pcrforrnancc  analysis.
integration of CX)MI’ with cn~crging CX] analysis tools will

10

make it possible to optitnizc the design of a combined
control/structure/optics syslcn~  for nlaximuru  optical
pcrfcrrmancc.  All of [hcsc capabilities make CX)hfl]’  an

important rmw analysis tool which enables comprchcnsivc
investigations of complex optical systcm  architectures such
as those [o bc used for space an(i 1 mar basccl tclcscopm and
intcrfcromctcrs, (’OMI”  has already seen application to the
I:MI  as well as to on-goirl:  NASA flight  projects including
}lubhlc Space l’clcscopc and Sll<l’1 ~. J1’I. is currcntl y in the
process of cn]bcddin:~  ( ‘0h4}’  in a more comprchcmsivc
intcgra~ccl analysis packar,c called lMCN  (Integrated
Modc]illg  of Ad\anccd optic-al Systcnls).24  lMOS  w i l l
enable cod-to-cod nl(dcling  of complex optomcchanical
systems (includinp optic’s,  controls, structural dynamics,
and thcr I l~al analysis) in a single scat work stat ion computing
cnvironlncnt. Vcrsirm 1.0 of CX)MI’ as well as an initial
vcrsirm of lhfoS have been con~p]ctcd and rclcascd,  along,

witllcoll  Iprchcnsivc  tlscI Guides. ~llcy arcavailab]c  through

CX)SMl~.

Tt~r process of system design is one of synthesis.
Analysis tools such a~ (’OMl’ and 1 MOS have value in this
process in that tttcy arc :ib]c to qtiickly  cvaltiatc competing
point designs. However, analysis tools in their own right do

not enable direct dcsigli  synthesis. The kcy challcngc in
des ign synthesif  is pcrforinin.g trade oft stodics pitling
cornpcl lag objectives from differing subsystems a.g:iinst  onc
anolhcl. I’oo  of[cri si]ch studies arc based solely on
“cnginccring  jucigcmcnl”  and arc wholly non-quantitative
in theil approach. I’llc nmrc complex the system, the more
likely t) I is is tobc the case. J}’]. has rcccntly complctcct  work
on an initial set of sot’twarc aigoritlans (the Integrated
I)csiga I’ool)  that cnab]cs  quantitative trade offs across the
stnictlil al, optical, arid control subsystems. 25  This design

too] hai been tiscd to coodlict  a case stlicty on the JI’I. phase
11 Tcs{bed that cxp]orcs the trade-off between mass and
pcrfonaancc  in Jwccisioi) optical systcn~s.26  The result is a
family of tcslbcd designs that would simultancmisly provide
irnprm cd opt ical per-for Iilancc and dccrcascd  mass. The
current software is also capablc of optimiz.ations that include
placcn Icnt and tllr~illg,of(lalll]~ illgclcrllcrlts, an(l thcutiliTat  ion
of optical pcrforinancc  metrics slich as Strchl ratio and
wavcfl  rsnt error.27’?8 This design optinliT,ation  mct}lo(iology
promiws  to enable (I1c gcncratiorr of highly cfficicnt,  light
wcigb[ ,control/stnlctur~ cicsignsrcquircd  to slipp.w-t NASA’s
futlirc  optical systclos.

‘1 o clcmonstl-a[c  tl)c solution to the I~MI-class conlrol
challcngc, intcrfcromclcr  tcc}mology  evolution requires
grolind-based validation at the conqmnent  level followed by
a succcssflil dcnmnslration  of end-to-end instrument
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IJig. 19a. ‘1’he Micro-1’recision lntcrfcrometcr  (NIP])
Tc’stbed.

Fig. 191>. ‘J’he Ml’] “optics Boom” Containing; the
lntcrferomctcr  Baseline (J.owcr  Part of Photo) and the
Star Simulator (on Opt ics ‘J’able, Upper l“art of Photo).

opcrttlion, firsl  on the ground and then in space. Resulting
Icchnologics  can [I]cn bc app]icd 10 specific space-based
intclfcronwtric  missions or 10 other precision missions
which cxbibit  similar Cballcnging rcc]uircmcnls.

r. IC M icro-1’rc “”~N!21XW31Wi&X!

I’hc Mictx-prccisirsn lt~lcrfcrol~lctcr( M} ’l) Tcsttwc129-3]
pictured in l;igurc  19 provides a crucial link between
in(crfcmmctric technologies dcvclopcxl  for ground systems
and tbosc  required forspacc.  ltsdcsigndraws  upcmcxtcnsivc
intcrfcromctcr  and ~S1 cxpcricncc.  “1’hc Mount Wilson
Mark 11 I lntcrfcronlctcr is an opcrat  ional  ground-based

instrL]nlcnt c a p a b l e  of pcrfornling astromctric

n~casurcn)cnts.32  Although overall performance is limited
by the at[nosphcrc, this facility provides a demonstration
tllal precision alip,nmcnt  and control of its optical elements

can bc achieved when thr instrument is attac}]cd to a non-
ficxiblc  tmdy sLIch  as the CaI-tiI. Results frrm the J}’), (31
Phase H Tcstbcd, which includes a subset of tbc optical
clcmcnts Iound onthc Mount Wilson Mark 1 I I lntcrfcron~etcr,

dcnmlslI ate that the rcqu  ilcd  nanwnctcr level sensing and
control rcquircmcnts can bc achieved on a flcxib]c structure
usins tbc multi-layered ar~.bitccturc.

The Microl’recision lntcrfcrornctcr  Tcstbcd allows for

systcn) i n t e g r a t i o n  of ~SI Iccbnologics  w i t h  kcy

intcrfcrwnctcr subsystcnls on a flexible structure. The Ml’]
structure is a 7n~ x 6.8n~ x 5.5n1 truss weighing 2(K)kg  (with
optics a?id control systcnts  attached the weight is about
6(X) kg). Buill primarily from alunlinum components,

considcl ,hlc  cffmt  was t~ikcn  in the assembly process to
nlinitni?{  alignment ctror~ finci prociucc a linear slructurc.
Three  lit tear extcnsiotl springs attachc(i  to three different
points OII the structure make up tile structure’s suspension
systcm.  ‘1’ilis systcm provicics  about a factorof tcn separation
bclu’ccn the strurturc’s “rigid  bo(iy”  an(i flexible txxiy
modes (the lowest of which is at about 6 }Iz.).

The tcstbcd was cmnplctcd  to the so-callcci  Phase 1
Stage ill June, ] !)g~. 1’]Iasc ] connotes a fu]l  sing]c
illlCrfCr{JlllCtCr  basciitlc Is in p]aCC on thC [[11SS Stl”UCtUt’C
(ultimalrly the Pilasc 2 tcslbcxi  will contain two baselines).
The equipment comp]crncnt inc]udcs  a three tier optical
delay litw with associated laser mctro]ogy,  a pointing systcm
complctr  with t~vo gimbalicd sidcrostats,  two fast steering
mirrors, and coarse an(i ftnc angle tracking detectors, tbc six-
axis isoltttio  nsystcrnpicturc(i  itl I~igurc 12,anrtaliassociatcd
clcctrcmlcs  and real Iirnc computer control hardware
ncccssal  y forciowd loop systctn control an(i (iata acquisition.
Initial closed loop operation was aci~icvcd  in Atlgust, 1994

with “st(.liar” frirlgc stabiiity of about 50 nanon~ctcrs  ~MS

rccorcic(i in the prcscncc  of lab ambient disturbances.
Ckmsicicrablc  work is yet to bc cione to attain the goal of
1 (t nanometers stiibility ill response to a simulated on-orbit
disturbaocc environment. Ncvcrthc]css, the community
now ila$ an “cxistcncc  proof’ of cn(i-to-cnd interferometer
Opcrati(m on a free-free flexible struclurc rcprcscntativc  of
a first ~,cncrfition space (q>ticfil intcrfcrornctcr.

lJsing a “stars itnulator” iascrn]ctrology systcm  iocatccl

on a floa[c(t  optical bcncb al(>rlp,si(lctllc  tcstl~ci,  tile sensitivity

of “stellar” optical pa(blcngtb  (from the “star,” down each
arm of the intctfcromctcr,  an(i through the delay line) to
nlcchanleal  excitation originating at tile isolation fixture can
bc investigated. l:igur c 20 shows the transfer function from
a shaker mounted on tl lc isolat ion fixture to the stcllaroptical
patldcn~’,th with the dclii~ line control loops off. Note the
tcstbcci’s  tightly  (iampcd  resonances (rncasurcd  in previous
modal surveys to have (iamping on the order of 0.1 %),
indicat iirc of an cxtrct ncly  linear structure. Note also that,
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Fig. 20. M1’1 Test bed Opcn 1 .oop ‘1’ransfcr Nunclion
from Shaker on isolation Fixture to Stellar Optical
IBathlemglh (Nanometers pcr Newton v?.. llert?.).

open loop, opt ical  patl)lcngth  crmrcxcccds  1 (KK) nanrmm(crs
per ncwlon across a broad frequency range. By way of
coll~p:lrisoll,rc fcrtol;igllrc 21 fortbc analogous (analytically
derived) transfer function for tbc J{MI. Notice tl)c stl-iking
similarity bctwccn the l:MI and the Ml’] transfer functions.
This, of course, is no accident. The MP1 was designed to bc
a half scale reproduction of a ‘“one-arn~cd” I:Ml.  If there is
a surprise it is that tbc Ml’], altlmugh a considerably sn]allcr

strLlcturc,  a p p e a r s  t o  bc srnncwhat  Jnorc  sens i t i ve  to

n]cchanical excitation than  tbc I;Ml, Pcrl]aps  indicating that

analytical modclsof  such systems crrm the siclc of opt imism
in predicting systcm  pcrlormancc.  This, along  with a host
ofothcr  issues involving b:irdwarc and soflware vali(lation,
will be investigated in great detail as MP1 testing proceeds
tlwougll 1995 and into 1996.

The M1’1 Tcstbcd will goa long way toward establishing
end-twcn(l  interferometer technology readiness. ~lowcvcr,
for a handful of kcy components, there. is no substitute fortbc
space environment to unambigurmsly  provide pcrfonnancc
verification. Iwo examples arc vibration isolation and
active delay lines. l@ the former, testing in 1-g invariably
leads to tllc intmluction  of gravity off-load mccbanisms
which cast doubt upon tbc validity of  ttIc results. SiInilarly
for the Iattcr, gmvity plays a poorly understood role in
prcloading crit ical mechanical clcnlents, makin~
cxtrapolat ion from Xround based to space based pcrfonnancc
extremely difficult. IYuctcnt risk reduction in these arca$
indicalcs Ihat testing in space is called for. l;urthcnnore,
from a psychological point of view, the cxcitcmcmt and
impact of a space cxpcrin~cnt should not bc undcrcstima[cd.
“l~ligllt  proven” is a term that inspires COIlfidCl)CC in thC

mi nets of program managers.
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Fig.  21. l“M I Opcn 1 ,001) I’ransfer  Function from
Reaction Wheel  to Stellar Optical l’athlengtb
(Nanonlcters per Newton w. llcrtz).

‘f’wo flight c.xperilncl  Its aimed at intcrfcromctcrsy stems
tcchnoklgy  arc cut-rently in Phase A under NASA’s IN-
ST1 ;}’ (1 n Spice”1 ‘CC1UIO1OS,Y  lixpcrimcnt) l’rogram. Tbc Six
Axis Slll:iti  Slrllt]so]:lli()  l)~ixJxriJIJcIll (SASSlt{)wil]  cxplorc
on-orbil performance of a stru-based six-axis vibration
isolatior 1 systcn~.  A nmrc alnbitious  cxpcrimcnt, tbc Stellar
lrltcfictolllctcr~  ’rackil]g  } xpcrinlcnt  (S11’1 i) will (icnmnstratc
cnitocnd  optical intcrltrolnetcr’ performance in tbc space
shuttle’scargobay (11’Igurc 22). SITliwill contain an optical
delay line and will cslab] is}) tbc performance credentials of
this coI nponcnt  in 7cI o pi iivit y.

Fi~. 22. SJ’J’B  on thr NIP}~SS in the Shuttle Bay.
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This papcrhas presented a broad brusb ovcrvimv of the
J1’1. program in i[~tcrfcrc)l~~ctcr  tccl~r~ology development ancl
the NASA mission rcquircvncnts  to which il is responding.
3’t lc program has been pursuing a plan that collltlirlcsllar[lw’mc
dcvclopmcnt  (conlJmncnts  for picomctcr laser metrology
and sub-micron structural control, vibration isolation, and
optical clcmcnt  articulation), software dcvclopmcnt
(integrated analysis tools SUC1)  as COMP and lMOS as WCII

as the ]ntcgratcd 1 )csign TooJ), ancl the dcvclopmcnt of an
ovcmll  systcm  phikxoJily  (viz,., thcmult i-lay crarchitccturc).
q’odatc, analyt  ical rwwltson  Ulc }:(~lls Missiol~lr\tcflcrol~  lctcI
and cxpcrimcntal results on the Ph:tsc  B Multi-I .aycr Tcstbcd
dcmonst[-atc  the promise of the tcclmology. What rclnains
is the demonstration of lcchno]o~y flight readiness via cnd-
to-cnd testing on the Micro-1’recision lt~tcrfclor~~ctcr~’cs(h(l
and on-orbit (icl~~(~l~strati[)l~s on S1’1’1; and SASSII1.  This
s h o u l d  Icad 10 wbolcsalc insctlion  of intcrfcromctcr
technology into NASA flight  missions by early in the ncxl
dccadc.

I’his work was J>crlormcd  at the Jet Propulsion
1.abor:itory, California lnst itutc of ‘t’cchnology,  under a
contract with the National Aeronautics and Space
Administrate ion. ‘1’hc author would Iikc to thank Jim Fanscm,
Mark Milman,  Greg Neat, John Spanos,  Mike Shao, Yckta
Gursc] as well as the cnt ircll’1 .(31 team forfllcirfl)l~(lal~~cr~tal
contributions. It is the fruit of their intellectual and physical
labor th:it is reported here.
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